Formation Energy Calculations and Kinetic Analysis Details
Formation Energies for a given site were calculated relative to gas-phase ! " # and # " as: 
All transition state energies are calculated relative to the clean active site and the relevant gas-phase reactant. By assuming that the active site coverage is thermodynamically determined, we implicitly assume that the activation barrier corresponding to formation of the active site motifs is small. To test this assumption, we calculate the O 2 dissociation barrier for IrO 2 surface and bis-µ-oxo/MOR motif as 0.2 eV and 0.64 eV respectively. These low O 2 dissociation barriers suggests that our initial assumption is plausible for similar systems.
Active site formation was assumed to be thermodynamically limited. The active site coverages for O 2 
where: 
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O-Promoted Rutile Oxides
As shown in Figure S1 (b), oxygen adsorbed at 110 cus sites activates methane through a radical intermediate. This is significant because the surfaces of active catalyst materials such as RuO 2 and IrO 2 have oxygen coverages close to unity at standard temperatures and pressures. Therefore, calculations of non-oxygen promoted methane activation for these catalysts may be less relevant. Figure S5 . Fraction of available active sites as a function of active site formation energy (as given in SI Eq. 2). Here, molecular oxygen is being used to create an MO active site at 450°C. G f corresponds to the G f given in SI Eq. 5. At first glance, a relatively poor scaling between $ I and $ % is observed ( Figure S7(a) ). However, when the materials are divided based on their ability to delocalize charge upon oxygen adsorption, we find that these two groups exhibit better scaling, with MAEs on the order of DFT error ( Figure S7(b) ).
We divide materials based on a Bader charge analysis in which charges per atom in the catalyst after active site formation (oxygen adsorption) are plotted as a function of the charges before active site formation. On materials that delocalize charge well, these points should form a straight line with a slope of nearly one, as the additional charge introduced to the system has been shared among many catalyst atoms. However, the adsorption site in materials that delocalize charge poorly deviates significantly from the line. Bader charge analysis ( Figures S8-S10) indicates that materials that exhibit higher conductivity (metals, GN, MOF-74, metallic oxides and perovskites) tend to delocalize charge better than more insulating substrates (zeolites, insulating oxides). We note that materials better able to delocalize charge (MOF-74, decorated graphenes, and noble metals) are not likely to be the best candidates for methane activation, as negative motif formation energies (higher number of active sites) and negative hydrogen abstraction energies (lower C-H activation) are desirable. . Change in DDEC atomic charges before and after oxygen adsorption on 3d, 4d and 5d transition metals for M-O active site in Chabazite. For 3d metals, the positive charge induced by oxygen adsorption significantly changes the charge of the underlying cation. However, for 4d and 5d cations, the change in atomic charges is significantly smaller. This may be due to better charge delocalization and smaller charge transfer for the larger cations.
